Abstract: Three dual alloy ingots were processed by electroslag remelting with 1500 A, 1800 A and 2100 A. The compositions and inclusions of ingots were analyzed by means of various analytical techniques. The results show that the segregation becomes severer with the increase of current. With the current increasing, the proportion of inclusions with large size, the T.
Introduction
With the combined cycle power generation technology being used more and more widely, the basic structure of the steam turbine has been changed to single cylinder structure instead of previous dual cylinder structure dueto lower cost. It is a challenge to manufacture the high-quality dual alloy shaft used in the single cylinder steam turbine. At present, such dual alloy shaft can been manufactured by ESR [1] [2] [3] . Two bars with distinct alloy composition are connected by jointing, and then the single bar is remelted with ESR. It is significant for high quality dual alloy ingot to obtain the stable chemical composition and control the inclusions. Inclusions have a vital influence on the performance of steel, and micro-voids and cracks are easily formed at the interface between inclusions and steel [4] . MnS inclusions are typical precipitates in the ESR ingot. The accumulation of molecular hydrogen that can cause the hydrogen induced cracking is easily formed from the absorbed atomic hydrogen in the incoherent interface between MnS inclusions and the steel matrix [5] . Furthermore, MnS inclusions also have a fatal effect on the corrosion resistance of steel, which can cause pitting due to the Cr depleted zone in vicinity of the MnS [6] [7] [8] . In order to ensure the excellent performance of dual alloy shaft, the high cleanliness of the ESR ingot is required.
ESR has many advantages in the removal of inclusions [9, 10] , and the removal of inclusions mainly occurs at the tip of electrode, which contains the absorption and dissolution of inclusions in slag [11, 12] . The formation of MnS inclusions is caused by the precipitation of supersaturated solute in the liquid phase during solidification. So, the removal of MnS inclusions mainly depends on desulfurization during ESR because the MnS could be decomposed into [S] and [Mn] in steel at elevated temperature. Enormous studies on desulfurization during ESR process have been carried out [13, 14] . They found that there are two ways of desulfurization during ESR in the air atmosphere: one is the formation of CaS by the reaction between sulfur in steel and CaO in slag melt in reducing condition if deoxidizer such as aluminium, silicon or calcium are added into slag. Another is the generation of SO 2 by the reaction between sulfur ion in slag melt and the oxygen in the air [13, 14] . In addition to improving cleanliness, the uniformity of composition plays a vital role on quality improvement of steel. The segregation also occurs in ESR ingots and is mainly attributed to the uneven distribution of the solute between the solid and liquid phases during the ESR process [14] . Some researchers used mathematical model to study the element redistribution in ingots [15, 16] . The solute transport is mainly attributed to the fluid flows, which is influenced by the joint effect of the thermal buoyancy, the solutal buoyancy, and the Lorentz force during the ESR process [17, 18] . The current is a significant parameter in the ESR process, which can greatly affect the electromagnetic fields, temperature field and the metal pool shape. To the authors' best knowledge, there is few of experimental research on effect of current on segregation and inclusions characteristics during ESR of dual alloy ingot.
Therefore, in this paper, the effect of current on distribution of chemical composition and inclusions characteristics (size, number, area ratio and composition) of different zones in dual alloy ingot processed by ESR was experimentally explored and studied by the thermodynamic calculation. This work is designed to provide a parameter election reference for the manufacture of the high quality dual alloy rotor used in steam turbines.
Experiment Experimental procedure
The consumable electrode consisted of NiCrMoV alloy bar (upper part) and CrMoV alloy bar (lower part) by welding was remelted in a laboratory-scale electroslag furnace with different currents under an open air atmosphere. The inner diameter of the copper mold is 120 mm and the transformer capacity is 160 kVA. The diameter and length of both alloy bars is 55 mm and 800 mm, respectively. The chemical composition of the consumable electrode used in each heat is listed in Table 1 . The slag composed of 70 wt% CaF 2 and 30 wt% Al 2 O 3 , the thickness and weight of the slag were about 60 mm and 2.3 kg, respectively.
Three heats were designed to investigate the effects of current on characteristics of inclusions during ESR process of dual alloy ingot. The different currents adopted in ESR experiment are listed as follows: case A (the first heat) -1500 A, the remelting rate is approximately 32 kg/h; case B (the second heat) -1800 A, the remelting rate is approximately 39 kg/h; case C (the third heat) -2100 A, the remelting rate is approximately 44 kg/h. The working voltage was about 30-45 V and the cooling water pressure was 0.22 MPa. The electrode immersion depth was about 10 mm and was controlled by an electrode lifting device powered by an electromotor.
Chemical analysis and microscopic observation
After ESR process, three dual alloy ingots were obtained. The each ingot was evenly divided into two halves along the length direction by wire-electrode cutting. Steel filings were obtained by drilling along the transverse radius every 15 mm for Cr analysis, as shown in Figure 1 . Three slices were taken from the upper (NiCrMoV), middle (Transition zone (TZ)), and the lower parts (CrMoV) of each ingot, and three 6 mm × 6 mm × 6 mm specimens were then sampled from three slices, respectively. The steel filings were obtained from the corresponding position for composition analysis by a drill machine. Carbon, sulfur and oxygen contents were measured by the carbon and sulfur analyzer, and oxygen and nitrogen analyzer. The manganese, silicon, chromium and nickel contents in the ingot were analyzed by the ICP-AES. In order to observe the inclusions, the specimens were grinded and polished, and then examined using SEM with EDS. The number and size distribution of inclusions were counted by Image Pro-Plus 6.0 software with photo from 50 randomly visual fields of the SEM at 2000 magnification. Then the specimens were etched at 75 o C in picric acid solution for metallographic observation by OM.
Results and discussion
The segregation along the transverse radius
The distributions of Cr concentration along the transverse radius in ingots with different currents are shown in Figure 2 . It indicates that Cr content is higher at the center of all ingots than the edge. And the segregation becomes severer with the increase of the current, which is mainly affected by the solute transport [2] . The flows in molten metal pool have a dominant influence on the solute transport [2, 15] . Figure 3 shows the illustration of the flows of the molten metal pool in the ESR process. The flows in the molten metal pool are driven by two forces: thermal buoyancy force induced by the temperature gradient, and inward Lorentz force, which arises from the flow of current through the pool [19, 20] . The distribution of thermal buoyancy force and Lorentz force has been well studied in previous researches [16, 21, 22] . The hot metal floats up and the cool metal sinks down. The clockwise circulations are formed in the vicinity of the mold wall and the oblique solidification front due to the temperature gradient. The cool metal with a higher density will move down along the oblique solidification front and wash out the solidifying mushy zone. The cooling intensity weakens around the base of the molten metal pool. The hot metal rises toward the slag-metal interface and then returns to the mold wall. Furthermore, according to the Faraday's law of electromagnetic induction, a clockwise circular magnetic field (looking down from the top) would be induced by the downward current. The interaction between the clockwise circular magnetic field and the downward current creates an inward Lorentz force, which also pushes the metal from the edge to the middle. The Cr become enriched in the mushy zone of solidification front due to the partition ratio (k Cr = 0.76) [23] . In addition, the density of Cr (ρ Cr = 6900 kg/m 3 ) is lower than that of iron (ρ Fe = 7500 kg/m 3 ) [9] . The Cr would be enriched in the molten metal pool due to the buoyancy force, resulting in the so-called gravity segregation. At the solidification front, the solute-poor metal displaces the solute-rich metal through washing out the mushy zone due to the clockwise circular flow. Inward Lorentz force also pushes the metal from the edge to the bottom center of metal pool. As a result, the Cr accumulates at the bottom center of the pool and the concentration decreases from the middle to the edge. With the current increasing, the flows in metal pool become more intense due to the fiercer thermal buoyancy force and Lorentz force and the molten metal pool becomes deeper, resulting in a severer segregation along the transverse radius.
The number and size distribution of inclusions Table 2 shows the statistical results of inclusions in electrode and ingots. It can be seen that the number of inclusions observed in electrode is far more than that in each ingot, and the maximum size of inclusion in Elec. NiCrMoV and Elec. CrMoV is 12.01 μm and 6.68 μm, respectively, which is larger than that of ingots. The ratio of total area of inclusions to total area of observed view fields, S a , is also an essential index. The value of S a is larger in electrode, implies that an improved cleanliness is obtained in ingots.
As seen in Table 2 , the number of inclusions and S a in NiCrMoV zone of each ingot is larger than that in CrMoV zone, implies that cleanliness of ingot is closely related to the electrode. It is interesting that the inclusion size and S a in transition zone are smaller than that in NiCrMoV zone when the current is 1800 A or 2100 A, whereas, the larger inclusion size and S a are found in transition zone when the current is 1500 A. The inclusion size has a close relationship with the type of inclusion, which will be discussed in detail later. With the increase of current, the number of inclusions, S a and total oxygen (T.
[O]) content (Table 2) in every zone of ingot increases, indicating a worse cleanliness with higher current. Figure 4 shows the size distribution of inclusions observed in consumable electrode and ingots. It indicates that size of inclusion in the ingot is finer and more uniform than that in electrode (Figures 4(a-c) ). It can be seen from Figures 4(d-f) that the size of inclusions in NiCrMoV zone, transition zone and CrMoV zone of ingot distribute more evenly with a lower current. The proportion of the inclusions with large size ( > 3 μm) increases with the current increasing, implying that more inclusions with large size exist in the ingot processed by the larger current, which is detrimental to the performance of ingot.
There are two reasons for the deterioration of cleanliness of ingot processed by larger current. One is the electrode surface oxidation, and the other is the remelting rate. With the increase of current, the temperature of the electrode surface is higher and severer electrode surface oxidation occurs due to the faster mass transfer of oxidation reaction. The products of electrode surface oxidation enter into molten slag to increases the FeO content of slag. The FeO in slag can be decomposed into [Fe] and [O] in liquid steel at the steelmaking temperature, resulting in the increase of oxygen content in ingot during ESR. Furthermore, the surface of electrode inserted into the slag pool is liquid, which is a film of molten steel; it will flow downward along electrode surface to form the droplet at electrode tip. The removal of inclusions from steel mainly occurs during this process [14] . Then the droplet will be detached from the electrode tip when the droplet reaches a certain mass. The faster remelting rate makes the formation time of the droplet shorter, namely, the interaction time between slag pool and film of molten steel at the electrode tip is shorter, which is detrimental to the removal of inclusions. Moreover, more droplets drip almost simultaneously just likes rain under the faster remelting rate with a larger current, the size of droplets is larger than that for low current. The contact between the droplets and slag pool is not very abundant for a large current condition, which is also detrimental to the removal of inclusions and harmful elements (sulfur element). To quantitatively analyze the effect of current on the removal of inclusion, the inclusion removal rate was roughly calculated according to the S a of inclusions in Table 2 . With the current increasing from 1500 A to 1800 A and 2100 A, the remelting rate increases from 32 to 39 kg/h and 44 kg/h, the inclusion removal rate in NiCrMoV zone decreases from 85.4% to 56.7% and 39.2%, that in CrMoV zone decreases from 77.8% to 74.3% and 56.1%.
The morphology and types of inclusions
In addition to the size and distribution of inclusions, the chemical composition and morphology of inclusion is also an effective standard to assess steel cleanliness [24] , especially the inclusion evolution mechanism during ESR. So the morphology and types of inclusions in the consumable electrode and dual alloy ingots processed under different currents were determined. Figure 5 shows the SEM images of typical inclusions observed in electrode. It indicates that the inclusions in the electrode are mainly large Al-Ti-Mn-Si-Ca-Mg-Cr oxides ( Figures 5(a-c) , 5(e-g)) and (Mn,Cr)S (Figures 5(d) , 5(h)). Some (Mn,Cr)S inclusions are distributed at the edge of the oxide (Figures 5(a), 5(e), 5(g) ). The single long strip (Mn,Cr)S inclusions are also observed in the electrode (Figures 5(d) , 5(h)). Figure 6 shows the SEM images of typical inclusions in dual alloy ingot. When the current is 1500 A, the inclusion in NiCrMoV zone of ingot consists of Al-Mn-Cr oxides covered with a layer of (Mn,Cr)S (Figure 6(a) ) and no single (Mn,Cr)S inclusion is observed. In transition zone, the inclusions are complex inclusion with two-layer structure and single (Mn,Cr)S inclusion. A thicker outer layer of (Mn,Cr)S and large single (Mn,Cr)S inclusion increase the average size of inclusions and S a in transition zone, which are larger than that in NiCrMoV zone when the current is 1500 A (As mentioned before). In CrMoV zone of ingot, the inclusions are complex inclusion with two-layer structure and the AlCr-Mn oxides. With the current increasing to 1800 A and 2100 A, the single (Mn,Cr)S are observed in NiCrMoV zone of ingot. The type of inclusions in transition zone is similar with that under the condition of 1500 A. In CrMoV zone of ingot, the inclusion is complex inclusion with two layers structure. Figure 7 shows SEM image and element mappings of a typical inclusion in the form two-layer structure observed in the ESR dual alloy ingot. The inclusion is spherical and the size of inclusion is about 4.5 μm (Figure 7(a) ). Elemental mappings of the inclusion (Figures 7(b-f) ) indicate that the core of inclusion consists of Al and O. The S and Mn are observed on out layer of the inclusion, a small amount of Cr is also observed, which is seen as Al oxides covered with an outer layer of (Mn,Cr)S. The precipitation of (Mn,Cr)S on the surface of complex oxide increases the size of inclusion.
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Desulfurization and thermodynamics of sulfide inclusions formation during ESR process
The chemical composition of dual alloy ingots is listed in Table 2 . It indicates that S content of CrMoV zone of each ingot is lowest and that of NiCrMoV zone is highest due to the lower S content in Elec. CrMoV. With the increase of current, the S content of every zone in ingots increases, implying that the larger current has a negative effect on desulfurization. The desulfurization rate in NiCrMoV zone decreases from 56% to 47%, which in CrMoV zone decreases from 84% to 55% (Tables 1 and 2 
where K Θ is the equilibrium constant of reaction, the equilibrium distribution constant of sulfur between slag and molten steel (L s ) can reflect the desulfurization capacity of slag, which can be expressed as: and mass fraction of sulfur in the molten steel, respectively. γ O 2 − and γ S 2 − is the activity coefficient of oxygen ion and sulfur ion in the slag, respectively. f O and f S are the activity coefficients of oxygen and sulfur in the molten steel. The desulfurization mainly occurs at the interface between slag and metal film of electrode tip and the increasing current can increases the temperature [25] , which can accelerate the mass transfer of reaction (1) and is favorable for gasifying desulfurization by the interaction between slag and air. Whereas, the large current also results in the severer electrode surface oxidation, which results in a higher oxygen content in steel and a higher FeO content in slag. It can be seen from eq. (1) that desulfurization by the reaction between slag and molten steel is dominated by oxygen content in steel and the activity of oxide ion in slag. The lower oxygen content in liquid steel and higher oxide ion activity in molten slag [26] . In present experiment, the FeO in molten slag contributes less to the increase of oxide ions activity in slag, but leads to an increase in oxygen content in liquid steel, playing a negative role on desulfurization.
The desulfurization rate decreases with the increase of current. As a result, the single (Mn,Cr)S inclusions are observed in NiCrMoV zone of ingot with 1800 A and 2100 A, which are not found in that of ingot with 1500 A. It can be seen from Figure 5 that only a small amount of Cr exists in single (Mn,Cr)S inclusions of NiCrMoV zone and transition zone (TZ). The atomic ratios of Mn and Cr (x(Mn)/x(Cr)) in single (Mn,Cr)S inclusions are large. Shi et al. revealed the precipitation of (Mn,Cr)S is dominant by concentration of Mn, Cr and S [24] . It can be concluded from Ref. [24] that the (Mn,Cr)S with larger x(Mn)/x(Cr) is easier to precipitate from the view of thermodynamics. After the ESR, the single (Mn,Cr)S inclusions may precipitate when the product of [Mn], [Cr] and [S] in the liquid steel exceeds the equilibrium value for (Mn,Cr)S precipitation at certain temperature. To study the formation of sulfide in detail, the single (Mn,Cr)S inclusions with high x(Mn)/x(Cr) in the ingot is studied as pure MnS inclusions due to the lack of relevant reliable data.
The chemical reaction for formation of MnS inclusions in liquid steel can be expressed as [27] :
Where K is the equilibrium constant and T is the temperature (K). The activity of MnS is unity (pure solid MnS as the standard state) in the present study. The equilibrium constant K can be expressed as:
log K = log a ½Mn Á a ½S a ðMnSÞ = log a ½Mn + log a ½S = log f Mn + log f S + log½%Mn½%S (4) where f M is the activity coefficient of dissolved element M, which can be calculated using the following equation [26] : 
where e j i is interaction parameter between elements. Interaction parameter e j i at 1600 o C is listed in Table 3 [28] .
The liquidus temperature T L and solidus temperature T S of the steel can be calculated according to the corresponding eqs. (7-8) [29, 30] , which is listed in Table 2 . 
T S ð CÞ = 1536 − f415.5½%C + 12.3½%Si + 6.8½%Mn + 124.5½%P + 183.9½%S + 4.3½%Ni + 1.4½%Cr + 4.1½%Alg
The equilibrium of Mn-S reaction in liquid steel at calculated liquidus and solidus temperature were calculated according to the relevant data (Tables 2 and 3 ) related with eqs. (3) (4) (5) (6) . Only the precipitation of MnS in NiCrMoV zone and transition zone were calculated because the sulfur content in CrMoV zone is low and no single MnS is observed in CrMoV zone. Figure 8 shows stability diagram of MnS precipitation in NiCrMoV zone and transition zone of each ingot. It indicates that MnS inclusion is unable to precipitate in liquid steel with the Mn and S contents of NiCrMoV zone and transition zone above the solidus temperature. However, during the cooling process of liquid steel in the water-cooled mold from the liquid metal pool temperature to the liquidus temperature, and then to the solidus temperature, the solute is rejected into interdendritic liquid phase, which results in the enrichment of Mn and S in residual liquid steel between solid steel dendritic arms at the solidifying front because of the difference in solubility of solutes between liquid and solid phases [31] . The concentrations of [Mn] and [S] in liquid steel during solidification of liquid steel were calculated by eqs. (9) to (12) based on the simple microsegregation model [32] .
where T 0 , T L and T S represent the melting point of pure iron (1809 K (1536 o C)), liquidus and solidus temperature of the studied steel, respectively, C L is the concentration of a given solute element in the liquid at the solid-liquid interface, C 0 is the initial (nominal) liquid concentration,
is the equilibrium partition coefficient for that element, f S is the solid fraction, α is a back-diffusion parameter, D S is the diffusion coefficient of solute in the solid phase in cm 2 /s, t f is the local solidification time in seconds, λ S is the secondary dendrite arm spacing (SDAS) in cm, C R is the cooling rate ( o C/s) and can be calculated by eq. (13) [32] . Figure 9 shows the optical microstructures of NiCrMoV and transition zone in each the dual alloy ingot processed by ESR with different currents. The SDAS of NiCrMoV zone from 1500 A to 1800 A and 2100 A obtained from Figure 9 , is 61.5 μm, 49.6 μm and 65.3 μm, respectively, which in transition zone is 49. 
The temperature at the solid-liquid interface, T, is given by eq. (14) [33] .
In present study, only the precipitations of MnS in the NiCrMoV zone of ingot with 1500 A and 1800 A and transition zone of ingot with 1500 A were calculated as an example. According to Fe-Cr-C ternary phase diagram, the solidification of the steels in this experiment is in solid (δ) phase. Data of equilibrium partition coefficients and diffusivity of solute elements are shown in Table 4 (Figure 10(a) ), whereas, precipitate in that with 1800 A (Figure 10(c) ) when the solid fraction (f s ) reaches to 0.985 due to higher S content and solute segregation. The Mn content in Elec. CrMoV is higher than that in Elec. NiCrMoV, whereas, the sulfur is lower in Elec. CrMoV. During the ESR processing, the Mn content decreases from bottom to the top of the ingot and the sulfur content increases from bottom to the top. In the transition zone, the product of [%Mn] × [%S] reaches to the maximum, then the single MnS inclusion would precipitate during solidification. It can be seen from Figure 10 (b) that the critical value of solid fraction (f s ) for MnS precipitation is 0.973. The calculated results show that MnS can't precipitate in the NiCrMoV zone of ingot with 1500 A. The pure MnS precipitates easier than the (Mn,Cr)S [24] . That is to say that (Mn,Cr)S can't precipitate in the NiCrMoV zone of ingot with 1500 A. Several studies have shown that MnS heterogeneous nucleates easily on some oxides due to lower nucleation energy [35] [36] [37] and the oxides covered a layer of (Mn,Cr)S was found in the dual alloy ingot. These calculated results agree well with the SEM/EDS results. In order to eliminate the (Mn,Cr)S inclusion, a deeper desulfurization is needed. 
Conclusions
The following conclusion can be drawn from the present study:
1. With the current increasing from 1500 A to 1800 A and 2100 A, the segregation along the transverse radius becomes severer due to the combined effect of thermal buoyancy force and Lorentz force. 2. The size of inclusion in the ingot is finer and more uniform than that in electrode. With the current increasing, the proportion of inclusions with large size and the T.
[O] in the ingot increase, showing a worse cleanliness due to the severer electrode surface oxidation and shorter interaction time between slag pool and film of molten steel at the electrode tip. 3. The single long strip (Mn,Cr)S inclusions are observed in the electrode. The inclusion in ingot consists of Al-Mn-Cr oxides covered with a layer of (Mn,Cr)S and single (Mn,Cr)S inclusion can't precipitate in the CrMoV zone of each ingot and the NiCrMoV zone of ingot with 1500 A, whereas, which can precipitate in transition zone of each ingot and NiCrMoV zone of ingot with 1800 A and 2100 A due to higher sulfur content and the solute segregation during solidification. 4. With the increase of current, more Joule heat is created in slag pool and severer oxidation occurs on the surface of electrode, the FeO content in slag increases and interaction time between slag pool and film of molten steel at the electrode tip decreases, resulting in the decrease of the desulfurization rate. To obtain a high quality clean ingot, the appropriate current should be selected. In present study, the dual alloy ingot processed by the ESR with 1500 A shows the minimum segregation and the best cleanliness. To improve the cleanliness of dual alloy ingot, the protective atmosphere and appropriate slag that possesses a strong desulfurization capacity should be adopted. Note: R (the gas constant) = 8.314 J/mole· K, the T is the temperature in Kelvin
